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bordering necrotic foci in the liver and in absorptive epithelial cells of the lower ileum, caecum and proximal colon (Tyzzer, 1917) . Since this report, naturally occurring Tyzzer's disease has been described in a wide variety of laboratory, domestic and wild animals (Ganaway, Allen & Moore, 1971; Fujiwara, 1978) . The disease primarily affects animals of weaning age. Transmission is thought to occur by the ingestion of B. pi/iformis spores in the faeces of infected or carrier animals.
Tyzzer's disease has been experimentally induced by oral administration of B. piliformis spores in cottontail rabbits (Sylvilagus floridanus) (Ganaway, McReynolds & Allen, 1976 ), Mongolian gerbils (Meriones unguiculatus) and South African whitetailed rats (Mystromys albicaudatus) (Waggie, Thornburg & Wagner, 1986) . The purposes of this study were to determine whether lesions could also be induced in non-immunosuppressed weanling mice (Mus musculus), rats (Rattus norvegicus), guineapigs (Cavia porcellus) and Syrian hamsters (Mesocricetus auratus) by oral administration of B. piliformis spores. These strains and stock were selected because they are commonly used in research and are readily available from commercial suppliers (Festing, 1979; National Research Council, 1979) .
Materials and methods
Female BALB/cANNCR (BALB) and C57BU 6NCR (C57BL) mice, female F344/NCR (F344) rats and female 2/NeR (Strain 2) guineapigs, all 4 weeks old, and female CR:RGH Syrian hamsters 5 weeks old were obtained from barrier-maintained colonies BALB No. test" 2 2 2 2 2 2 1 0 2 2 2 No. control b 1 0 0 0 0 1 0 0 0 1 0 C57BL No. test 0 2 2 2 2 2 2 2 1 1 2 2 No. control 2 0 0 0 0 0 1 0 0 0 0 1
F344
No. test 0 2 2 2 2 2 2 0 2 2 0 4
No. control 2 0 0 0 0 0 1 0 0 0 0 1
Strain 2
No. test 0 2 2 2 2 2 2 1< 2 1 2 2 No. control 0 2 0 0 0 0 1 0 0 0 0 1 CR:RGH No. test 0 2 2 2 2 2 2 0 2 2 2 2 No. control 2 0 0 0 0 0 1 0 0 0 0 1 "Number of B. piliformis-inoculated animals killed on each day. bNumber of yolk-sac-inoculated controls killed on each day. <Found dead.
for 48 h after the death of the last embryo whose yolk sac was included in the pool. The suspension was divided into 1 ml aliquots which were stored at 4°C. The spore suspension was found to have a 50% egg lethal dose (ELDso) of 10 3 as determined by the Reed-Muench procedure (Reed & Muench, 1938) . Twenty animals of each strain or stock were orally inoculated with 0·5 ml of a 1:5 dilution of the spore suspension in sterile saline. A control yolk sac suspension was made by aseptically harvesting the yolk sacs of 14 uninoculated hens' eggs 17 days old which were from the same shipment as previously described for the spore pool. No bacterial contaminants were isolated from either the inoculated or the control yolk sac suspensions. Four control animals from each species were orally inoculated with 0·5 ml of a similar dilution of non-infected yolk sac suspension. Animals were euthanized with. carbon dioxide and necropsied during a 14 day period (Table  1) . Gross lesions were noted when observed and the following tissues' were collected and (Frederick Cancer Research Facility, Frederick, MD) which were regularly screened and found to be free of bacterial pathogens (including B. piliformis), ectoparasites and the following viruses: mouse -lymphocytic choriomeningitis (LCM), pneumonia virus of mice (PVM), Sendai, GD VII, mouse hepatitis virus (MHV), minute virus of mice (MVM) and polyoma; rat -LCM, PVM, Sendai, GD VII, H-l, Kilham rat virus (KRV) and rat coronal sialodacryoadenitis virus (RCV/SDA); hamster -LCM, PVM, Sendai, GD VII and H-I; guineapig -LCM, PVM, Sendai and H-i. The hamster colony was found to harbour Giardia spp., Trichomonas spp. and Syphacia muris in the intestinal tracts.
All animals were. housed four per cage in wire-topped polycarbonate cages (Lab Products Inc., Maywood, NJ) containing pine shavings and held in Horsfall-type units supplied with filtered air under slight negative pressure (Germfree Equipment Co., Miami, FL). Feed (Teklad Diets, Madison, WI) and water were provided ad libitum. Caging materials, water and mouse, rat and hamster food were autoclaved prior to use. The guineapig feed was not sterilized in order to retain its vitamin C content. The Horsfall units were cleaned and disinfected with a sodium hypochlorite solution (Novel Wash Co. Inc., 5t Louis, MO) between studies.
The B. pilifarmis spore suspensions used to inoculate the animals were prepared from a seventh yolk sac passage pool of vegetative phase B. piliformis of rabbit origin which was frozen at -70°C in 0·5 ml aliquots, as previously described . Aliquots were retrieved and diluted in 2·5 ml sterile saline, and 0·5 ml of suspension was passed into the yolk sacs of 7 day old embryonated hens' eggs (Larsen Laboratory Eggs, Gowrie, IA). The yolk sacs of 17 eggs dying between post-inoculation days 5-10 were aseptically harvested and transferred into a sterile bottle containing glass beads and 10 ml sterile saline. The yolk sacs were suspended in the saline and the suspension was refrigerated Strain/Stock fixed in 10% buffered formalin: lung, heart, spleen, liver, mesenteric lymph node, kidney and brain. The intestinal tracts from the gastric pylorus to the lower colon were collected from the mice, rats and hamsters, while sections of 2-6 cm were taken from the jejuna, ilea, caeca and colons of the guineapigs. The tissues were embedded in paraffin, cut in 6 /lm sections and stained with haematoxylin and eosin (H&E) and Warthin-Starry silver stains (Luna, 1968 ).
B. pilifarmis was identified in tissue sections by its morphology, argyrophilic staining, intracytoplasmic location and typical nest-like arrangement of organisms within the cell cytoplasm (Tyzzer, 1917) .
Results
Clinical signs of disease were observed only in hamsters and guineapigs. Hamsters killed on day 4 had diarrhoea as evidenced by perianal faecal staining and hamsters killed on days 5 and 6 had dry halrcoats. One guineapig was found dead 7 days after inoculation; further examination of this animal was precluded by post-mortem autolysis. One of the cage mates of this guineapig was lethargic and had a rough haircoat on day 10 and was euthanized.
At necropsy the guineapig had dependent subcutaneous oedema in the inguinal region. In addition, the ileal wall was reddened, the caecum was shrunken and its contents dry and firm, and the wall of the proximal colon was reddened and oedematous.
In guineapigs, intestinal lesions were first visualized grossly and microscopically 2 days after inoculation. One guineapig killed on day 2 had a grossly enlarged haemorrhagic cranial mesenteric lymph node. Microscopic examination of this animal's ileum revealed mild multifocal fusion and atrophy of the villi and a polymorphonuclear cell infiltrate in the lamina propria and submucosa (Fig. 1) . Nests of B. foci of necrosis in the mucosa of the ileum, caecum and proximal colon. Adjacent crypts were commonly filled with cellular debris. Focal areas of necrosis were found in the tunica muscularis of the caecum and ileum of guineapigs necropsied on days 12 and 14.
Clusters of B. pilifarmis were observed in epithelial cells adjacent to the mucosal ulcers and in smooth muscle cells of the muscularis mucosa. The caecal lymph nodes of guineapigs euthanized on days 6 and 10 contained cortical and capsular haemorrhages. The adjacent veins were thrombosed and the mesentery contained an extensive lymphocytic infiltrate.
Microscopic intestinal lesions were also first visualized in hamsters 2 days after inoculation.
Nests of B. pilifarmis were observed in absorptive epithelial cells of the ileum, and focal vacuolation of smooth muscle cells with mild nuclear pyknosis was seen in the tunica muscularis of the terminal ileum of one hamster. By 7 days post-inoculation, foci of necrosis with a polymorphonuclear cell infiltrate were present in the tunica muscularis of the ileum, caecum and proximal colon of the hamsters. The overlying lamina propria contained a polymorphonuclear cell infiltrate and im occasional intestinal crypt was dilated and contained necrotic debris. Clusters of B. piliformis were present in absorptive epithelial cells and in smooth muscle cells bordering necrotic foci in the tunica muscularis of the ileum, caecum and proximal colon until day 10 (Fig. 2) . Macrophage infiltration and fibroblast proliferation were present in the necrotic tunica muscularis foci on days 10-14.
White-to-tan foci from the size of pinpoints up to 1 mm in diameter were observed in the livers of seven guineapigs and 11 hamsters killed on days 2-14. The initial microscopic lesions in both species were multiple foci of periportal coagulative hepatocellular necrosis. The necrotic foci contained cellular debris, a mild polymorphonuclear cell infiltrate and, occasionally, erythrocytes. Nests of B. piliformis were observed in hepatocytes bordering the lesions from days 3 to 5 in the hamsters. Healing by peripheral fibrosis and granuloma (Bar, 50 !1m.)
Waggie, Thornburg, Grove & Wagner formation began in the hamster livers on day 5. Giant cells, many containing mineralized debris, were present at the periphery of the hamster lesions on days 12 and 14 (Fig. 3) . Hepatocytes bordering necrotic foci in guineapig livers contained clusters of B. piliformis 8 and 10 days post-inoculation. The liver of one guineapig euthanized on day 14 contained a focus of dystrophic mineralization bordered by a mild fibrous response.
A pale lesion involving the upper one-third of the left cardiac ventricle was found in one C57BL mouse euthanized on day 10. The lesion was microscopically characterized by coagulation necrosis with a peripheral polymorphonuclear infiltrate. A few nests of B. piliformis were observed in adjacent myocytes.
Foci of necrosis were observed in the tunica muscularis of the ileum of rats euthanized on days 4 and 5 but no B. piliformis could be identified in any of the rat tissues. No lesions or B. piliformis were observed in the BALB mIce. Fig. 3 . Border of a granuloma in hamster liver with giant cells 14 days after inoculation with B. piliformis spores per os. One giant cell contains mineralized debris (arrow).
(Bar, 100 !1m.)
Discussion
The results of this study suggest that Strain 2 guineapigs and outbred Syrian hamsters are more susceptible to B. pilifarmis infection than C57BL or BALB mice and F344 rats. C57BL mice have previously been found to be resistant to B. pilifarmis infection when the bacterium could not be maintained by intravenous passage of infected liver suspensions between mice (Waggie et al., 1981) . In addition, when weanling C57BL and BALB mice from the same colonies as those used in this study were orally inoculated with a dose of B. pilifarmis spores identical with that used here, only seven of 35 C57BL mice and one of 36 BALB mice seroconverted (Waggie, 1984) .
The reasons for the differing responses between species and the mechanisms of the host immune response to B. pilifarmis are not known. The development of immunity in mice has been related to T-cell-dependent responses . Susceptibility to Tyzzer's disease has also been associated with a B-cell defect in CBA/N mice (Waggie et al., 1981) . The indigenous intestinal flora of these species plays an undetermined role in host resistance. The importance of the normal intestinal flora is suggested by outbreaks of Tyzzer's disease following administration of oral sulphonamide to rabbits (Ganaway, Allen & Moore, 1971) . The intestinal flora of guinea pigs and hamsters is easily altered by antibiotics with a Gram-positive spectrum such as penicillin G while the intestinal flora of rats and mice is resistant to this treatment (Harkness & Wagner, 1983) . It is possible that the normal flora of guineapigs and hamsters is permissive to B. pilifarmis while the flora of mice and rats is not.
Previous attempts to induce experimental Tyzzer's disease in guineapigs have failed (Tyzzer, 1917; Takagaki et al., 1966) . There are at least three explanations of why the results in the present study were different. First, subcutaneous, intravenous or intracerebral, but not oral, routes of infection were used in the earlier experiments. Secondly, the guineapigs used in the previous reports were 159 not of Strain 2 background. However, to our knowledge there is no reported immunological abnormality in this strain which might account for its apparent susceptibility (US Department of Health and Human Services, 1981) . Finally, the B. pilifarmis isolates used in the previous attempts were of mouse origin while the isolate used in the present attempt was of rabbit origin. The rabbit origin isolate may be more virulent than isolates of mouse origin.
The course of lesion development was similar in the hamsters and guineapigs and is comparable with that of lesions produced in gerbils (Waggie et al., 1981) and South African white-tailed rats (Mystramys albicaudatus) (Waggie, Thornburg & Wagner, 1986) inoculated with B. pilifarmis spores. In all these species, inflammatory changes were first observed in the intestines 2 or 3 days postinoculation while foci of liver necrosis occurred days post-inoculation. Similar changes and time course have been described for Syrian hamsters orally inoculated with B. pilifarmisinfected liver suspensions (Nakayama et al., 1976) . In all species, healing of lesions tended to occur by granuloma formation and/or fibrosis.
This study further demonstrated that lesions due to B. pilifarmis infection may occur in several tissues and that the liver is not always affected. Lesions have been reported to be limited to the intestinal tracts of naturally infected guineapigs (McLeod et al., 1977; Zwicker, Dagle & Adee, 1978) . In Syrian hamster colonies where outbreaks of Tyzzer's disease have occurred, intestinal lesions alone, intestinal and hepatic lesions, or cardiac lesions, alone or in conjunction with intestinal lesions, have been described (Nakayama et al., 1976; Magaribuchi, Koshimizu & Fujiwara, 1977; Zook, Huang & Rhorer, 1977) . This study also shows that animals may be infected with B. piliformis without evidencing clinical signs of disease.
